B
ECAUSE no other organ of the mammalian body has so complex an internal structure as the pregnant uterus, measurement of blood flow to the uterus presents some unique features that require analysis. The study, however, appears to emphasize, to an unusual extent, problems that are common to the measurement of blood flow in many internal organs but are usually poorly perceived. The vascular net of the uterus is supplied through four principal arteries, the right and left uterine and the right and left ovarian, and through numerous minor anastomoses with vessels of the vagina and bladder. For this reason, total-flow measurements by means of flowmeters are not feasible, although meters applied to individual vessels may yield qualitative information regarding factors that modify flow rates acutely. The pregnant uterus is peculiarly susceptible to changes in its circulation during manipulation and exposure 1 and probably also during anesthesia and abnormal positions of the mother. The fetus itself seems to be extraordinarily sensitive to such disturbances. Thus, as with certain other organs, 2 -3 diffusion-equilibration methods of estimating blood flow appear to be essential if data on metabolic exchanges are to be obtained in the physiological state in situ.
The use in the pregnant uterus of nitrous oxide equilibration according to the established technique of Kety and Schmidt 3 was
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Eeceived for publication September 22, 1960. explored by Assali et al. 4 and subsequently by Metcalfe et al., 5 ' 6 but the pregnant uterus was found to present difficulties in the diffusion of this substance that make any interpretation of the final results hazardous. Similar difficulties occur in other organs. 7 However, the present data illustrate the more satisfactory application to the pregnant uterus in goats of another technique that has been successfully employed in organ blood-flow determinations, employing 4-aminoantipyrine (4AA). 7 -8 Two features particularly recommend its use: (a) it diffuses rapidly from the blood into tissue water; and (b) its concentration in blood and tissues is relatively easy to determine.
Methods
Goats weighing 28 to 40 Kg. were anesthetized with thiopental or with minimal quantities of thiopental followed by chloralose in a single injection of 50 to 70 mg. per Kg. The animals were in the last month of gestation (full term about 145 to 150 days). The tip of one horn of the uterus was exposed through a midline incision and a plastic catheter inserted into a small tributary of the uterine vein (a plastic infant-feeding tube [size 5 French] for premature infants, produced by Pharmaseal Laboratories, was usually used and found most satisfactory). The catheter was then pushed centrally until the tip was located either in the uterine vein itself or in one of its principal tributaries draining the body of the uterus, in order to sample the mixed venous blood coming from the pregnant horn. The abdomen was then closed and heparin was administered. Arterial blood was sampled from the femoral artery, and 4AA was injected into a catheter in a jugular vein.
Fetal blood samples were obtained by rapidly reopening the incision, exposing the umbilical cord, and quickly taking a single small sample from artery and vein with minimal manipulation of the cord. It was found that a second blood sample taken subsequently often showed evidence of circulatory alterations probably resulting from the spasm of the umbilical vessels (higher hemoglobin and hydrogen ion concentrations and lower Poj), and therefore may not be reliable in some respects.
The first 5-ml. sample was assumed to be blood from the larger vessels, and therefore to be blood that had been exposed to tissue effects only prior to the manipulation of the cord or during the sampling, but not afterward. This assumption was not strictly correct, as will be discussed later.
The cord was clamped immediately after the fetal blood was drawn, and the fluids, and later the uterine and fetal tissues, were then sampled. One to 2 Gm. of 4A A was injected in isotonic solution. The material used was the commercially supplied hydrochloride recrystallized three to four times and neutralized with Na 2 C0 3 prior to injection. Carefully timed blood samples were drawn from the maternal vessels during and after the injection. Analysis for 4AA were performed as previously described 7 
'
8 on whole blood or on tissues homogenized in normal saline and deproteinized either with ZnSO, and NaOH or by dialysis. Some diffusible interfering substance was noted in allantoic fluid and liver; this apparently was not the bilirubin present in both these extracts, since it was only partially precipitated by Zn(OH) s . It was unaffected by Lloyd's Eeagent, however, which removes 4AA completely from the filtrate and thus allows a determination of the interfering color for purposes of correcting the total reading. The method of calculation of organ blood flow from these data was the same as that employed in other organs. 7 Results Figure 1 shows typical time curves of 4AA concentration in maternal arterial blood and uterine venous blood during and after infusion at a constant rate for seven minutes. The rate and manner of the injection of 4AA and the quantity administered are not concerned, in principle, in the calculation of rate of blood flow. However, as previously pointed out, 7 they may be selected for maximum accuracy of measurement. A single sudden injection gives a very brief, high peak of concentration, with levels changing so precipitously as to make the frequency and timing of blood samples critical. A very slow infusion is unsatisfactory because of the prolonged time required for blood-tissue equilibration and because estimations of very small arteriovenous (A-V) differences have a larger relative error of measurement. The method illustrated seems about optimal for studies of the uterus; there is a considerable leeway in both the amounts and rates of infusion that will not affect the accuracy significantly. Figure 1A illustrates results from a uterus with a low rate of blood flow, while figure IB shows the curves from a measurement of high flow. The time required for the arterial and venous blood levels to coincide was 15 to 20 minutes in every case, and was apparently unrelated to the rate of blood flow; but the resultant greater arteriovenous difference in the case of low blood flows decreased the error of measurement. When the arterial and venous curves coincide, the blood may be said to pass through the organ without a change in concentration, indicating that blood-tissue equilibrium has occurred with respect to 4-AA. This concentration, in milligrams per kilogram of tissue H 2 0, indicates the amount delivered into each kilogram of tissue during the time the arteriovenous difference existed, and, when it is divided by the arteriovenous difference, gives the rate of blood flow according to the Fiek principle. C Table 1 shows a number of comparisons between these maternal blood concentrations at "equilibrium" and the tissue concentrations found by actual analysis. Because the maternal arteriovenous difference is usually reversed at these times, i.e., venous blood concentration is slightly higher than arterial, both levels are given. Notable in these data is the apparent failure of direct analysis of fetal blood and placenta to indicate equilibrium with maternal blood; however, dialysis of fetal blood against buffered normal saline revealed, upon analysis of the saline, that the actual concentration in the blood matched that of maternal blood satisfactorily, as did the concentration in various portions of uterine, placental, and fetal tissue. A very slow disappearance of 4AA from tissues incubated in vitro is shown in table 2. The rate of 4AA consumption is negligible for present purposes, and 4AA may therefore be considered inert in the uterine contents for the time periods concerned.* Also to be noted in the data of table 1 is *In spite of this and other evidence to be given, indicating that 4AA diffuses freely between maternal blood and tissues, and between tissue homogenatcs and saline, diffusion did not occur freely through the skin of the fetus or the surface of the uterus. When the incised uterus or fetus was allowed to stand for 48 to 72 hours in saline or water, only a fraction of the contained 4AA was recovered by analysis of the water phase. Marked resistance to diffusion of other substances through the skin of the fetus has also been observed in the same way, and is consistent with the usual maintenance in vivo of "an amniotic-fluid composition that is very different from that of fetal blood. the low concentration of 4AA in amniotic and allantoic fluids; the concentration in these fluids clearly is not in equilibrium with that of fetal and maternal blood. The data of experiments 6, 7, 9, and 10 are interesting in this regard. Occasionally, in the earlier studies, using pentothal anesthesia, periods of maternal apnea or hypotension caused death of the fetus, and in these four experiments fetuses were found to be dead immediately after the blood-flow determination. Blood and tissues of these fetuses were completely free of 4AA, but allantoic and amniotic fluids contained about the usual level, or only slightly less; the second fetuses of experiments 6 and 7 were small and macerated and had clearly been dead for days; yet these fluids also contained roughly the same concentration of 4AA as occurred in the fluids of normal fetuses.
Because the maternal blood levels of 4A A fall very slowly at the time of the 20-minute sample used for estimation of tissue concentrations, very little change will result from inaccuracy in the timing of the sample (two minutes more or less produce no alteration in the calculated blood flow). However, as can be seen from figure 1, sampling at 40 minutes or at one hour leads to a significantly smaller numerator in the equation. trates the numerous different values for blood flow that were calculated from a single pair of concentration curves, each value plotted for the time at which the data were obtained in this experiment (curve A). From about 30 minutes onward, relatively small changes are seen, but the differences are significant. In attempting to explain this phenomenon, the change cannot be ascribed simply to the fact that the numerator of equation (1) is diminishing with time, especially since the blood concentration continues to give an accurate representation of tissue levels. Moreover, it is apparent from figure 1 that / (A-V)dt, the denominator, is also diminishing continuously. Curve (C) of figure 2 shows a function of the alterations of allantoic-fluid concentration in this experiment, values that may offer a plausible explanation of the changing blood-flow figures. Discussion The equilibration time for 4AA between blood and pregnant uterus in the goat is 15 to 20 minutes, a period closely resembling that for the hind leg in the dog. 7 The latter requires about 90 minutes or longer for equilibration with a constant arterial blood level of nitrous oxide. 7 The curves of 4AA concentration appear to be satisfactory for estimation of rate of maternal blood flow through .100
Figure 2 "Artery" and "vein" denote maternal concentration curves like those of figure 1. Curve (A) is a plot of the UBF values calculated from the concentration curves at various time intervals; the associated numbers are UBF in ml./Kg./mirt. Curve (B) shows estimated tissue concentrations of 4-aminoantipyrine (4AA) at various time intervals (computed with the aid of certain assumptions noted in the text). Curve (C) is a plot of the virtual volumes of distribution of 4AA within the pregnant uterus at various time intervals (calculated on the basis of assumptions described in the text).
the uterus, at least in respect to timing and magnitude of arteriovenous difference.
The question of equilibration between blood and tissues seems to be answered satisfactorily except in two respects. First, the apparently low 4AA concentrations in two portions of the uterine contents, fetal blood and liver, seemed to be an artifact of the deproteinizing procedure; dialysis of 4AA from these tissues showed a higher concentration. The addition of 4AA to fetal blood gave analytical recoveries varying from 60 to 80 per cent; after fetal blood levels of 20 to 30 mg./L. had been produced, subsequent additions of 4AA gave 100 per cent recovery by analysis. There appears to be some substance in the blood that precipitates 4AA with the protein; plasma exhibits these same effects. A similar phenomenon was previously seen with adult blood, but was limited only to acidic precipitations. 8 A variety of different deproteinizing methods has been tried on fetal blood without improvement. It is nevertheless concluded at this time that a distribution ratio of 1.00 between blood water and tissue water gives the best estimate of tissue levels when blood levels are known.
The second question about equilibration arises in regard to the allantoic and amniotic fluids. The concentrations in these fluids are so low, however, that they may be neglected. For example, if the total blood flow to the uterus is calculated by employing as numerator in equation (1) the total amount 6f 4A A in the organ rather than its concentration, the blood flow is affected less than 5 per cent by omitting the quantity in the fluids. A large part of the 4A A in allantoic and amniotic fluid may reach these sites by diffusing directly through the chorionic membrane from the uterine wall, as suggested by the observations on dead fetuses. Further evidence in favor of this is provided by the finding of slightly lower concentrations of 4AA in the bladder urine of the fetus than in the'' urine'' that is free in the allantoic sac. In any event, it is clear that the rate of the diffusion into the free fluid spaces is very slow.
In principle, the negative arteriovenous differences after the intersection of the arterial-and venous-blood concentration curves might at first seem to be a problem. But it is necessary that the uterine contents, once equilibrated with a higher level, should lose 4AA again into the blood as the blood level falls. This fact helps to confirm the evidence from dialysis experiments that the test material moves by passive diffusion. However, the difference between venous-and arterial-blood concentrations is so small that it has no practical importance; if either value is used in the numerator of the equation, the resulting difference in calculated blood flows is negligible. The mean value has been used. In the simplest physical system with constant blood flow, of course, the rate of exit of 4A A from the uterus could be predicted. It would be proportional to the fall in maternal-blood concentration. The ratio of the two decrements would therefore be constant, and the fraction on the right of equation (1) would not be affected. The calculated blood flow would be the same at all moments. This was not the case for the pregnant uterus, as figure 2 shows; and the practical problem seems to be to find which of these calculated blood flows is the correct one.
In five different experiments, at least five blood samples were obtained following the crossover point, and the calculated blood flows were plotted as in figure 2 . The values always appeared to be approaching a limit and could be depicted as following a hyperbolic course. The suggestion was that A/(A-V)dt was lagging behind AC by virtue of a firstorder process of physical diffusion, and thus seemed to implicate some area of large concentration gradient and inherently slow diffusion. The allantoic and amniotic fluids answer this description. The data of table 2 show that, as would be expected, the fluid concentrations do continue to rise long after fetal and uterine tissues have reached equilibrium with blood. If this explanation is accepted, the asymptote of the blood-flow curve ( fig. 2 , curve A) may be considered to be the rate of blood flow per kilogram of total uterine contents, including fluids. The volumes of the free fluids, however, are variable; and their introduction into the concept of the blood supply of the fetus or the circulatory burden on the mother would seem an unfortunate disadvantage. On the other hand, the intercept of the blood-flow curve is equally objectionable as a standard value for the uterine blood flow. The ordinate intercept is partly a function of the rate of diffusion into the amniotic and allantoic fluids, and, while this rate may have interest per se, it would appear to have no place in the blood-flow value.
Another solution seems available as a result of the following considerations, which are not unique to 4A A and which have a general applicability in organ blood-flow determinations, although data on the internal distribution in other organs are not so readily available as in the pregnant uterus. If the absolute rate of blood flow through the maternal arteries is constant during the measurement period, the amount of 4AA contained in the uterus at any point in time can be calculated from the blood flow and the integral of arte- ]. The "volume of o tissue," which is more or less equilibrated with blood, is seen to rise rapidly in the first 15 minutes and then break off sharply, the volume of tissue thereafter increasing very slowly. Evidence from analysis of allantoie and amniotic fluids suggests that these fluids constitute the slowly equilibrating compartment, while the rapidly equilibrating compartment is composed of uterine, placental, and fetal tissues. The rate of perfusion of these metabolically active tissues seems clearly to be the rate of blood flow that is desired. The sharp demarcation of the rapidly equilibrating tissues from the slowly equilibrating fluids also recommends it as a definable concept, at least; it does not deny the possibility of other subdivisions within the two compartments.
The rates of blood flow shown along curve (A) in figure 2, therefore, are not conflicting estimates, each of which is to be regarded as either correct or incorrect. All of them are correct values of blood flow per kilogram of tissue, but the tissue in question is different for each one. The earliest and highest rate of flow per kilogram that can be determined (after the disappearance of the positive arteriovenous difference at 20 minutes) appears to be the rate of flow per kilogram of uterine and fetal tissue and, therefore, represents an acceptable definition of "uterine blood flow." An equally acceptable definition of blood flow in some other organs is difficult to obtain because the possibility of poorly perfused masses of tissue cannot be clearly established or their relative contributions assessed. The HUCKABBE, BARROX present data from the pregnant uterus, however, illustrate the effect of such a source of "error" acting upon arteriovenous concentration curves, which are grossly identical to those of relatively "homogeneous" organs.
Summary
When 4-aminoantipyrine (4AA) was injected into pregnant goats, the time curves of blood concentration could be determined easily and accurately when the injection was carried out over about seven minutes' time. The arterial-and uterine venous-blood concentration curves came together after 15 minutes, and afterward the arteriovenous difference remained negligible. The blood concentration of 4AA gave an accurate estimate of concentrations in the tissue water of the uterus, placenta, and fetus after disappearance of the arteriovenous difference. At the time interval of 15 to 20 minutes, 4AA concentrations in amniotic and allantoic fluids were so low that they could be regarded as negligible. Therefore, when 4AA was used as the diffusing substance, the major factors affecting the determination of uterine blood flow by diffusionequilibration methods were favorable for an estimate of the rate of blood flow per unit weight of metabolically active tissue.
